The crystal size distribution (CSD) corresponds to the number of crystals of a mineral per unit volume within a series of defined size intervals. Many crystal size distributions in igneous systems are straight lines when plotted on the ' classical'diagram of ln(population density) versus size. Other common CSDs are concave-down on such graphs for the low size values. The effect of growth rate on CSDs seems to be small and nucleation apparently increases exponentially with time. Although magmatic systems are always multiphase, only a few CSD studies deal with several phases. On the basis of the few available published examples, it seems that the parallelism (defined as y-spacing constancy) of the normalized CSDs (i.e. where the crystal lengths are normalized to the greatest length for each phase) is a common feature in igneous systems. The aim of our modelling is to propose a mathematical framework to unify the CSD typology, to explain the common occurrence of straight lines on the ' classical' CSD diagram and the y-spacing constancy of the normalized CSDs for multiphase rocks, and also to provide a convenient tool to easily test petrogenetic scenarios through efficient computer simulations. The bulk balance modelling is based on a square matrix having for coefficients the number of nuclei of one phase by the crystallized volume of another phase. This interaction matrix is the mainspring of our CSD modelling, which requires straightforward assumptions about the uniformity of crystal shape and growth:
I N T RO D UC T I O N
Crystal size is the most commonly quantified textural parameter in igneous rocks. The crystal size distribution (CSD; i.e. the distribution of crystal size in three dimensions) is the number of crystals of a mineral per unit volume within a series of defined size intervals. CSD analysis can provide information on fundamental petrological parameters, such as crystal growth rate and nucleation. It can also reveal some aspects of the thermal history of the magma.
The CSD concept was primarily developed in chemical engineering by Randolph & Larson (1971) . Cashman & Marsh (1988) and Marsh (1988) established a theoretical basis for CSDs by the application to igneous rocks of the corresponding industrial models. They proposed to study the numbers of crystals (per unit volume) in magmatic rocks in a semilogarithmic fashion, by plotting them against their representative sizes. Higgins (2006b) proposed a CSD classification based on the shape of the distribution when plotted on relevant diagrams. Hersum & Marsh (2006) used a stochastic algorithm to test kinetic models for nucleation and crystal growth with a view to evaluate igneous microstructures. Their simulation procedure, internally validated using crystal size distributions, proceeded by numerical production of detailed threedimensional (3D) representations of the microstructure in a space discretized into a large number of boxes. Armienti (2008) developed the temporal models related to CSD, first initiated by Marsh (1988 Marsh ( , 1998 , to quantify thermodynamic parameters.
Igneous textures can be classified into three categories as a function of the main governing processes ( Fig. 1): (1) kinetic textures resulting from nucleation and growth processes, the driving force of which can be expressed as the undercooling and supersaturation of the system; (2) mechanically modified textures resulting from sorting and compaction processes; (3) equilibrium textures in which coarsening has a prominent effect on the pre-existing textures.
The first aim of our modelling is to propose a mathematical framework to unify the CSD typology of kinetic textures. This is based on bulk balance rates of number of nuclei versus crystallized volumes. Then, the mathematical consequences and computer simulations predict (1) the main distribution shapes on which the typology has been constructed and (2) other CSD features, such as constant y-spacings between comagmatic CSDs, already observed but, so far, not interpreted. Our mathematical formulations constitute a convenient tool to easily test petrogenetic scenarios, without overcomplicating the simulations. In particular, we avoid discretizing the space in which the minerals grow, preferring to link nucleation and growth through a synthetic and global approach. Marsh (1988) has shown that many crystal size distributions in igneous systems are straight lines when plotted on the 'classical' diagram of ln(population density) versus size (Fig. 2a) . These distributions are referred to as semilogarithmic CSDs (S-CSDs) in the Higgins's (2006b) classification. Other distributions, concave-down on such graphs for the low size values (Fig. 2b ), are easily identifiable on a cumulative distribution function diagram [normalized cumulative frequency versus ln(size)], where they typically display apparent straight lines. Various researchers have considered that these latter CSDs have a lognormal frequency distribution: these are L-CSDs (Eberl et al., 1998; Kile et al., 2000; Higgins, 2006b ). More complex laws have been proposed for other CSD types, such as fractal or multifractal size distributions (Armienti & Tarquini, 2002) or the Weibull and Rosin^Rammler model (Kotov & Berendsen, 2002) . However, describing igneous CSDs through such models remains speculative (Higgins, 2006b) .
R E V I E W Semi-logarithmic (S-) versus lognormal (L-) CSDs
Linear relationships between the logarithm of the population density at size L and that size, characteristic of S-CSDs, have often been considered since Marsh (1988) as reflecting an open magmatic system. However, Marsh (2007) noted that many CSDs are by nature approximately S-CSDs for a wide variety of crystallization processes. Conversely, following Marsh (1998) and Higgins (2006a) , the lognormal distribution (L-CSDs) might correspond to batch crystallization. S-and L-CSDs display similar linear correlations between ln(population density) and size for large crystals. The L-CSD typical concave-down arc is visible only for the smallest crystals, for which the effects of the closing are prominent. However, the lower limit of a CSD is generally not well defined, as the crystals become hardly perceptible (Higgins, 2006a) .
Generally in an igneous rock, crystals do not vary enormously in size compared with their population density, which varies over several orders of magnitude. This observation led Marsh (1998) to propose that the effect of growth rate on CSD is small and that nucleation apparently increases exponentially with time. Such statements are consistent with linear relationships between the logarithm of the population density and crystal size (Marsh, 1998) . Schiavi et al. (2009) have for the first time established CSD curves for a single basaltic^andesitic sample under different experimental crystallization steps. They noted that impingement and coalescence lead to changes in crystal morphologies and CSD slopes. They also showed that variability in growth rates of single crystals has little effect on the average values. 
CSDs in multiphase magmatic rocks
Although magmatic systems are always multiphase, most of the published CSD analyses concern only one selected mineral (e.g. Turner et al., 2003; Higgins & Chandrasekharam, 2007; Morgan et al., 2007) . Only a few CSD studies deal with several comagmatic phases (e.g. Armienti et al., 1994; Higgins, 2002; Higgins & Roberge, 2003; Mock et al., 2003; Simakin & Bindeman, 2008) . As examples, the CSDs of orthoclase, plagioclase and quartz in one rhyolitic laccolith of the $300 Ma Halle Volcanic Complex (HVC), Germany (Mock et al., 2003) and the CSDs of plagioclase, olivine, and titanomagnetite in hawaiite samples from the Etna 1991^1993 eruption (Armienti et al., 1994) are shown in Figs 3 and 4. The HVC CSDs are typical S-CSDs (Fig. 3) . The orthoclase and plagioclase slopes are exactly the same ( Fig. 3a and  b) , which is not the case for quartz (Fig. 3c) . However, the three straight lines are parallel when the scale on the length axis for quartz is extended, with the result that the abscissas of the greatest crystals of the three phases coincide (Fig. 3d) . The Etna CSDs are not linear, but convex-down (Fig. 4) . Armienti et al. (1994) and Marsh (1998) interpreted such features as a succession of S-CSD-type straight-line segments, each break in the slope reflecting magmatic changes. In the same way as the previous example, the CSD curves of plagioclase and olivine (and also clinopyroxene, not shown) in the Etna hawaiites have a similar shape when the x-axis scale is normalized to the size of the largest crystal for each phase ( Fig. 4a and b) . This is not so obvious for titanomagnetite (not normalized: Fig. 4c ; normalized: Fig. 4d ). The CSD of this mineral will be examined subsequently. Such a normalization to the maximum crystal size to compare CSDs of different minerals has previously been used by Simakin & Bindeman (2008) for quartz and zircon.
In the light of the few available published examples, it seems that the y-spacing constancy of the normalized CSDs is a common feature in igneous systems. This point has not been emphasized until now. We think that this attribute reveals a link between the nucleation and growth of coexisting phases.
T H E M O D E L
In addition to classical CSD parameters and hypotheses, our model is based on an original formal core: an interaction matrix. This makes it possible to express the model through integral equations. To favour an intuitive approach, we have chosen to proceed in a discrete and infinitesimal way rather than use the partial derivative formalism. The resulting integral equation can be easily solved in a theoretical case by means of differential calculus.
Growth rate and shape factor
In our modelling, the one-dimensional growth rate G i ¼ dL/dt of a phase i crystal is independent of its initial size. Mullin (1974) , Marsh (1988 Marsh ( , 1998 and Pupier et al. (2008) have suggested that the crystal growth rate does not much vary with time during a crystallization sequence, Waters & Boudreau (1996). provided that the thermal regime remains more or less steady-state. In addition, following Marsh (1998) , the main crystallizing phases are considered to have overall similar growth rates, at least in basaltic systems. Here, our model presupposes only that the growth rates G of phases i and j maintain a constant ratio g i/j ¼ G i /G j with time. The fact that G i may be time-dependent in our modelling is a relaxation with respect to what is generally proposed in CSD models (Marsh, 1998; Hersum & Marsh, 2006) .
It is necessary to introduce into the modelling a shape coefficient to pass from the measured one dimension size of a crystal to its volume, as volume is more meaningful in terms of crystal growth. Volume is the only simple geometric parameter that allows direct links between crystals of different phases and, therefore, of different shapes. A crystal of size L has a volume equal to dL 3 where d is the shape coefficient, a characteristic of the crystal shape independent of the actual size. As an example, the volume of a sphere measured by its diameter is equal to (/6)L 3 , and so d sphere is /6. The modelling is based on the assumption that at any instant during crystal growth, all the crystals of a given phase have a similar shape, and, consequently, the same d value. However, the shape coefficient may vary with time. In particular, at the end of crystallization, crystal growth impediment implies a non-constancy of the shape (Schiavi et al., 2009 ) and thus a d value change. This case will be discussed further in a subsequent section.
A matrix to simulate mineral interactions
The link between nucleation and growth of coexisting phases can be formalized as a square matrix M ¼ (m ij ) i,j with positive coefficients, where one row corresponds to one solid phase and m ij is the number of nuclei of the mineral phase i by crystallized volume of the phase j. When only one mineral phase is modelled, the matrix reduces to a single coefficient m 11 . Variations of the matrix coefficients m ij should express temporal variations in the magma system, capable of changing rates of nucleation and/or growth. The matrix M is the mainspring of our CSD modelling, which requires straightforward assumptions about the uniformity of crystal shape and growth.
An integral equation and its differential counterpart to describe theoretical CSDs
For each phase i, the observed CSD function n i (L) denotes the population density of crystals of size L at the final time t 1 . The fact that the growth rate ratios g i/j are supposed to be constant can be used to normalize the size by using one of the phases (r) as reference. The normalized size of a crystal C i , i being the phase, can be defined as The orthoclase and plagioclase slopes are the same for an identical x-axis (a, b), which is not the case for quartz (c). The three straight lines are parallel when the scale on the length axis for quartz is extended, with the result that the abscissas of the largest crystals of the three phases coincide (d). This operation amounts to normalizing the crystal size to a reference crystal.
In other words, L r C i corresponds to the size of a virtual reference crystal that would appear at the same time as C i . As a consequence, the crystal population is viewed only through the reference phase. To simplify the formulation, the CSD functions are normalized following a similar method. Let
be the normalized CSD function of crystals of phase i of normalized size L r . Let L r 1 be a given normalized crystal size. The parameter t 0 is the nucleation time of any crystals, whatever the phase is, having this normalized size L r 1 at the final time t 1 . All the crystals present at time t 0 are those that will have a normalized size greater than L r 1 at time t 1 .
The goal of our modelling process is to link together the values of the normalized CSD through the interaction matrix M ¼ (m ij ) i,j . Let Át be a short interval of time. Between t 0 and t 0 þ Át, the size of each crystal C j of phase j, having a normalized size L r C j
, where d j is the shape coefficient of the phase j. By expanding the latter expression, it appears that the volume increase ÁV Cj is equivalent to 3d
2 Át when Át is small. The number of crystals of phase j of normalized size L r 0 at t 0 is related to the population density n
being their normalized size at this time. Thus, the total crystallized volume of the phase j between t 0 and t 0 þ Át is equivalent to
Using the interaction matrix, the number of nuclei of phase i that appear between t 0 and t 0 þ Át is equivalent to
because all the crystals increase by G r (t 0 )Át in normalized size during that time. Thus,
whatever the phase i and the normalized size L r 1 . By summarizing the matrix coefficients m ij , the shape coefficients d j , and the growth rate ratios g j/r into the synthetic matrix
it is possible to propose a concise expression of equation (4): (1994) , reused by Marsh (1998) . The plagioclase and olivine CSDs (maximal crystal sizes similar in both cases) have similar shapes (a, b). The Ti-magnetite CSD also exhibits a curved shape but within a restricted size range (small crystals, c). When normalized to the largest crystal size, the Ti-magnetite CSD curve is flatter than the two other curves (d). Theoretical curves calculated using a non-constant matrix are shown together with the actual data (a^c). These have been computed through the model by using exponentially time-dependent matrix coefficients.
If all the normalized CSDs are brought together in the vector n r ¼ (n r i ) i , equation (6) can be formulated as the matrix product:
Theoretical S-CSDs as a consequence of a constant matrix
When the interaction matrix M is not time-dependent, equation (7) can be mathematically treated using the Perron^Frobenius Theorem. The constancy of the matrix M results in the constancy of the matrix A. By successive derivations, equation (7) can be reformulated into the especially short differential form
provided that the boundary conditionsçalways true in geological systemsçare taken into account (see Appendix). The Perron^Frobenius Theorem can be used to describe the asymptotic behaviour of the solutions (see, e.g. Seneta, 1981) . The structure of the non-negative matrix A is consistent with the hypotheses required for this theorem (Seneta, 1981 , Definition 1.6, p. 18).
The spectral radius r of the matrix A is an eigenvalue of multiplicity one with a non-negative real eigenvector n r0 ¼ ðn Seneta, 1981) . According to the PerronF robenius Theorem, all the solutions of equation (8) are of the type
a being a scalar constant. Cases with a equal to zero are rare and unstable. Indeed, any small pertubations must lead to a values different from zero. Thus, solutions with a equal to zero have no geological significance. When plotted in the 'classical' diagram of ln(population density) versus normalized size, the normalized CSDs of the different phases appear as parallel straight lines. The features observed in S-CSD diagrams constructed with natural data (straight lines, which appear to be parallel in multiphase normalized diagrams, as shown in Fig. 3 ) can now be explained from our mathematical treatment, the theoretical solutions of which are given by equation (9). The slope À ffiffiffiffiffi ffi 2r 3 p makes known the spectral radius r of the matrix A. The intercepts ln n 
Thus, the total volume proportion of phase i crystals with respect to phase j (i.e. the mode) is given by ðn Intercepts in the classical S-CSD diagram normalized to the largest crystals of each phase can be used to compute a set of n r0 i values. The growth ratios g i/j are supposed to be time-independent. In actual S-CSDs, they correspond to the size ratio of the largest crystals. Indeed, all of them have nucleated at the same time. Classically, the shape coefficients d i are used to convert the observed 2D CSDs into 3D ones (e.g. Higgins, 2006a) . This complex and critical operation is very sensitive to the d i values. Higgins (2006a, pp. 93^95 ) recommended comparison of the actual volume (mode) with the CSD-deduced one as a useful way to test the accuracy of the CSD conversion, which is a method to gauge the shape coefficient values. Armienti (2008) used the mode, as estimated from thin-section observations, to constrain the conversion into 3D CSDs.
For the most part, the behaviour of the CSDs theoretically obtained with a constant matrix, which is a restrictive situation, may also be observed in computer simulations of more general cases, even if then the above mathematical treatment is no longer appropriate. This extended approach makes the application of the model feasible in natural cases.
A P P L I C AT I O N F O R NAT U R A L M U LT I P H A S E S Y S T E M S
In the previous section, S-CSDs in multiphase systems have been considered from a purely theoretical point of view, without boundary conditions, which amounts to saying that the regime extends indefinitely. The aim of this section is to develop more realistic simulations for natural systems. Our computer simulations treat the evolution of a finite crystal population in accordance with the model, but without using the mathematical formalism developed above. The computed CSDs are obtained through discretization of the crystal sizes. At each step, the crystallized volume is calculated and the corresponding number of nuclei is deduced from the interaction matrix.
Case studies with constant parameters (S-CSD)
The natural conditions that can be modelled with a constant matrix correspond to successive events, each of them reflecting relatively stable thermodynamic surroundings.
The S-CSD with a constant matrix can be used to model different natural situations. The simplest of these would include: (1) stability of the thermodynamic conditions; (2) presence of only one generation of crystals; (3) crystal growth without obstruction during the main part of the process. After an unsteady starting stage (described below), the simulated CSDs are segments of straight lines in the classical diagram of ln(population density) versus size (Fig. 5a) . Natural examples could be equigranular intrusive rocks (Mock et al., 2003) or aphyric microcrystalline lavas with interstitial glass. These segments are parallel when the crystal lengths are normalized to the greatest one for each phase (Fig. 3) .
Another case corresponds to similar processes with one difference: a succession of several stable thermochemical conditions (temperature, pressure, oxygen fugacity, etc.) resulting in several crystal populations. In this case, the stable sequences of constant matrix correspond to segments of straight lines separated by small transition steps. They are parallel when normalized and, when the amount of crystallized material (mode) remains constant, they conserve a similar y-spacing from one sequence to another (Fig. 5b) . Natural examples could be porphyritic igneous rocks. Indeed, in some cases, phenocrysts are thought to reflect a first stage of in situ crystallization at deep levels whereas the groundmass corresponds to late solidification under shallow or surface conditions.
In both of the above cases, we have focused on the stabilized part of the simulated CSD curves. We present in Fig. 6 diagrams showing two types of starting conditions, corresponding to extreme situations, to emphasize the initial stage. First, we consider that nucleation starts in the absence of pre-existing crystals (homogeneous nucleation). The resulting curves are concave-down and their y-spacing rapidly becomes constant (Fig. 6a) . Their slope, initially sharp, tends to the theoretically predicted value À ffiffiffiffiffi ffi 2r 3 p , where r is the spectral radius. In the second case, nucleation starts in the presence of a pre-existing phenocryst or xenocryst monophase population, extracted from a non-adjacent crystallization zone (heterogeneous nucleation). Natural examples could be phenocryst accumulation or xenocryst incorporation. Among the two species of nuclei, one of them corresponds to the phenocryst or xenocryst one. The resulting curves for the two phases are strongly contrasted in the part corresponding to the largest crystal sizes, with y-spacing fluctuations (Fig. 6b) . Toward the smallest sizes, the curves tend to the S-CSDs as predicted by mathematics.
Extension to non-constant parameters (C-CSD)
CSDs with non-constant matrix express a magmatic system where thermodynamic (i.e. temperature, oxygen fugacity, etc.) and/or compositional factors (such as volatile content) are in progressive evolution, which modifies the ratio nucleation and growth. The resulting CSDs are not necessarily straight lines. Nevertheless, if the mode remains constant, each normalized CSD curve keeps the same y-spacing with respect to its neighbour, regardless of the crystal size. This is due to the fact that the mode is directly related to the CSD y-spacing through the eigenvector n Henceforth, all the distributions that do not display straight lines either in the 'classical' diagram of ln(population density) versus size or in a cumulative distribution function diagram [normalized cumulative frequency versus ln(size)] will be referred to as Curved CSD (C-CSD).
A natural example from Etna presented by Armienti et al. (1994) and re-examined by Marsh (1998) and Armienti (2008) is considered as a case study of our model. The non-normalized convex-down CSDs of plagioclase, olivine and Ti-magnetite are shown in Fig. 4a , b and c respectively for the total population of crystals in the Mount Etna lavas (from seven to 15 lava flows emplaced between 1991 and 1993). The plagioclase and olivine CSDs have similar shapes and the maximal crystal sizes are close in both cases (Fig. 4a and b) . The few clinopyroxene CSDs shown by Armienti et al. (1994) , not replicated here, have comparable shapes. In contrast, Ti-magnetite is present only as small crystals, a feature interpreted by Armienti et al. (1994) as the consequence of the late appearance of this mineral on the liquidus. The corresponding (non-normalized) CSD also has a convex-down shape, but within a restricted size range (Fig. 4c) . Following Armienti et al. (1994) , Marsh (1998) and Armienti (2008) , the fact that the shapes of the distributions are the same suggests the same cooling history.
Plagioclase and olivine CSD convex-down curves can be reconstructed by using our model with a non-constant matrix. This approach does not force us to decompose the curves into a finite sequence of straight-line segments, as some researchers do (e.g. two segments for Armienti et al., 1994; three for Marsh, 1998) . The convex shape of the curves can be directly modelled by increasing the m ij coefficients.
Normalization is required to be able to compare the CSDs of minerals with contrasting growth rates. Until now, we have supposed that the largest crystals of each phase were nucleated at the same time. In this view, normalization consisted of dividing the size of each crystal by that of the largest one. Here, the largest plagioclase and olivine have comparable sizes, which makes normalization unnecessary for these two phases. If we suppose that Ti-magnetite appears later, as suggested by Armienti et al. (1994) , the largest Ti-magnetite crystals are not contemporaneous with the largest plagioclases or olivines. This assumption is consistent with the fact that, when normalized to the largest crystals, the Ti-magnetite CSD curve is significantly flatter than the two others (Fig. 4d) . Consequently, Ti-magnetite has to be put into the modelling after a certain course of crystallization. Following Armienti et al. (1994) , the largest crystals formed in intratelluric conditions whereas the smallest ones correspond to eruptive or post-eruptive crystals. Now, Ti-magnetite occurs only as groundmass crystals. Consequently, the final size of the first nucleated Ti-magnetite crystals corresponds, for plagioclase and olivine, to the point at which the slope becomes steeper, which separates the intratelluric crystals, having slopes close to the horizontal, from the late crystals (Armienti et al., 1994) . The appearance of Ti-magnetite is modelled by introducing positive values into the corresponding row of the non-constant matrix M, previously equal to zero. Reconstructed curves are shown together with the actual data from Mount Etna in Fig. 4a^c . The simulation starts from a small amount of nuclei of the two phases in the proportion 1:4, which corresponds exactly to an eigenvector of A for its spectral radius 256. The y-spacing between the two normalized CSD curves plotted in the 'classical' diagram of ln(population density) versus normalized size remains constant and equal to the value mathematically predicted for an indefinitely extending regime: lnð ffiffiffi ffi 16 p Þ¼lnð4Þ%1Á39. After an unsteady starting stage, the normalized CSD curves become parallel straight-line segments of slope equal to^8. Thus, they coincide with the mathematically deduced CSDs, the slope of which predicted for an indefinitely extending regime is À ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi , starting from a significant amount of large crystals of one of the two phases. Thus, the initial crystal proportion between the two phases (proportion 1:0) is drastically different from an eigenvector of A for its spectral radius 256 (proportion 1:20). The y-spacing between the two simulated normalized CSD curves plotted in the 'classical' diagram of ln(population density) versus normalized size changes sharply before being stabilized around the value mathematically predicted for an indefinitely extending regime: lnð ffiffiffiffiffi ffi 400 p Þ¼lnð20Þ%3Á00. Both slopes tend asymptotically towards the theoretical CSD slope for an indefinitely extending regime:
The quasi-constant y-spacing of the three CSDs (including the non-normalized Ti-magnetite CSD, when present) is related in our model to the constancy of the mode during both stages; that is, before and after the appearance of Ti-magnetite.
A thwarted growth model (L-CSD)
In many natural examples, concave-down shapes for the lowest size values are observed in diagrams of ln(population density) versus size. These L-CSD-type distributions are classically interpreted as the consequence of the ending of crystallization. In his batch crystallization modelling, Marsh (1998) proposed heuristic formulae to reproduce these typical L-CSD curves, for high crystallinity. When the crystal content is low (560%), the same formulae produce curves devoid of the concave-down feature. This is consistent with the expected effects of the closure of the magmatic system, which are all the more drastic because crystallinity is high.
This first approach is based on a formal expression of the crystallized volume divided by the shape coefficient, regarded as a constant [Marsh's (1998) equation (10)]. This equation has been obtained by adding the volume of each crystal, expressed as a sphere in Marsh's equation (6) . The constancy of the shape coefficient appears to be pertinent as long as crystals do not come into contact with each other. At high crystallinities, for which the L-CSD curves are concave, such a hypothesis is no longer valid because crystals hinder each other. As a consequence, L-CSD curves simulated from Marsh's (1998) equation (26) for high crystallinities seem to us to be unreliable. In particular, the possibility of 100% crystallinity is excluded because of the presence of a logarithmic factor ln[1^f c ] in equation (26), where f c is the crystal fraction at which crystallization is considered complete.
In the modelling proposed here, we will attempt to roughly take into account crystal interactions during the growth process, which is an improvable point in Marsh's approach. Contrary to previous kinetic models of crystallization (e.g. Amenta et al., 2004; Hersum & Marsh, 2006) , our approach, although less thorough, aims at easily producing CSD simulations without extensive calculations. Instead of splitting the space into a multitude of boxes, we use the concept of mean clutter. The shape factor d, here changing with the crystallinity to take mutual impingement into account, becomes the product of the free shape factor d # (defined as the shape factor of a crystal that would grow without impediment) and the volume fraction of residual liquid (1^X), where X is the crystal fraction. This term quantifies the mean proportion of free area around the crystals; that is, the place where crystallization occurs. Schiavi et al. (2009) have shown that crystal morphology changed during their crystallization experiments, as a result of impingement and coalescence. This latter mechanism, not modelled here, may also have an effect on the CSD slopes.
Computations have been carried out for such crystallinity-dependant d values, but taking a constant growth rate ratio g i/j and matrix M ¼ (m ij ) i,j . As an example, normalized CSD curves for a virtual magmatic system with two mineral phases are shown in Fig. 7a . They display a shape close to straight-line segments, similar to those reflecting non-thwarted growth, except toward low size values where they are concave-down. This shape is a characteristic of Lognormal (L-)CSDs. Each curve keeps also a same similar y-spacing with respect to its neighbour, regardless of the crystal size. These features are systematically observed in all the computations we have made.
L-CSDs are identifiable on normalized cumulative frequency versus ln(size) diagrams, where they appear as straight lines (Higgins, 2006b) . To check that the concave-down curves of Fig. 7a , calculated for two separate mineral phases from the thwarted growth model, are L-CSDs, we have used such a cumulative diagram. The curves we obtain are quasi-straight lines (Fig. 7b) . Their distribution law is thus consistent with that expected for L-CSDs. Therefore, it appears that a slight modification to the shape factor is sufficient to pass from S-to L-CSDs. The main CSD typology is thus unified within a single theoretical model.
Magmatic textures through our crystal size distribution model
Magmatic texture typologies can be used to discuss the parameters of the CSD model. To illustrate this, we consider the triangular textural classification proposed by Cordier et al. (2005) for non-cumulative, coarse-grained rocks. The three end-members of the classification are: (1) the equigranular texture (crystals in contact which each other through a side-by-side relationship; minerals of nearly similar size and lack of inclusions); (2) the oikocrystic texture (systematic occurrence of including grain interrelations with laths included within large anhedral crystals); (3) the intergranular texture (part of the rockforming minerals filling isolated spaces between coarser touching grains that form the framework of the rock).
The equigranular texture might be the result of comparable and constant growth rate ratios g i/j for the different phenocryst phases. In such a case, the matrix M can also be considered constant and S-or L-CSDs are expected.
The oikocrystic texture is generally interpreted as the result of an eutectoid mixture (Hibbard, 1995) . Inclusion of small euhedral crystals (plagioclase in ophites) within large anhedral crystals (clinopyroxene in ophites) indicates contrasted nucleation and growth rates. Coefficients of the row of the main anhedral crystal phase in the matrix M are small. In this case, as in the previous one, S-or L-CSD are expected, but with a larger y-spacing between the curves. Indeed, the CSD of the anhedral crystals is much lower than that of the euhedral ones.
In rocks with intergranular textures, the main nucleation of the felsic minerals occurs prior to that of the ferromagnesian minerals, which implies a non-constancy of the matrix M. In a first stage, the rows of the ferromagnesian minerals are zero, contrary to the row of the felsic minerals. The situation is (roughly) reversed as soon as ferromagnesian nuclei appear, as the growth of the felsic phases is mainly restricted to the first-stage crystals. The CSDs expected in this case are successive S-CSD segments (or even C-CSDs).
Several other magmatic texture can be envisaged, such as volcanic or cumulus textures. Volcanic textures, partly treated here, generally result from a multistage process, each stage needing to be modeled separately. As for cumulates, their formation integrates possible mobility between the phases.
Any thorough magmatic textural analysis should be constructed around the three basic concepts of nucleation, growth and resorption. Thermodynamic and physicochemical conditions, such as pressure, temperature, water content, magma composition and phase mobility, have a textural effect only through their consequences on nucleation, growth and resorption.
Very few researchers have discussed crystal resorption through CSD (e.g. Higgins, 1998 Higgins, , 1999 Marsh, 1998; Higgins & Roberge, 2003; Armienti, 2008; Simakin & Bindeman, 2008) . This concept is not included in our model, but could be taken into account to allow discussion of peritectic crystallization, metasomatism, and grain coarsening. Each of these crystal growth processes would require adapted theoretical tools to be integrated into the kernel of the modelling presented here.
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R E F E R E N C E S
Amenta
A P P E N D I X : C A S E O F C O N STA N T M AT R I C E S : R E F O R M U L AT I O N O F T H E G E N E R A L I N T E G R A L E Q UAT I O N (7 ) I N T O T H E S H O RT D I F F E R E N T I A L E Q UAT I O N (8)
We suppose that the normalized CSD population density n r is sufficiently regular to have a third derivative, which can be used to easily infer equation (8) from equation (7). To obtain the equivalence between the two equations, the following additional subordinate assumption on the behaviour of the CSD at infinity is required: L r2 n r (L r ) and the two first derivatives n r0 (L r ), n r00 (L r ) have a limit at þ1. to change equation (7) into equation (8) by calculus, we have to check that some functions built from the CSD tend toward zero at infinity. The total volume of crystals V i of the phase i, V i ¼ i R þ1 0 l 3 n i ðlÞdl, is finite. So, the integral R þ1 0 l k n r ðlÞdl is convergent for all k values 3. In particular, for k ¼ 2, this implies that the limits of L r R þ1 L r ln r ðlÞdl, L r2 R þ1 L r n r ðlÞdl, and L r2 n r (L r ) at þ1 are 0. Thus, the limits of the quantities L r R þ1 L r n r ðlÞdl, L r n r (L r ), n r (L r ), n r0 (L r ), and n r00 (L r ), are also zero at þ1. These lines of reasoning show that the CSD cannot be uneven at infinity. From a geological point of view, the progression toward infinity concerns crystals so huge that they do not exist.
